checked for purity and subcultured on malt-extract agar slopes. These were incubated aerobically at 37°C for 3 days and the spores harvested by addition of phosphate-buffered saline (PBS: 0.15111 NaCl, 0 . 0 1~ phosphate buffer, p H 7.4) and shaking with glass beads. Large particles were allowed to sediment under gravity and the supernatant spore suspension was decanted. The total number of spores in unit volumes was determined by direct counting in a Neubauer chamber. The concentration of viable units was determined by plating serial 10-fold dilutions of suspensions on to malt-extract agar and counting the number of A . ramosa colonies produced after incubation for 2-3 days at 37°C.
Suspensions for inoculation were prepared by dilution from the concentrated stock suspensions and kept at 4°C until required. All were used within 4 h of preparation. These suspensions contained a small proportion of hyphal fragments which were almost certainly non-viable.
With the exception of A . ramosa strain V283 which produced a low proportion of viable spores, equivalent to 20-25% of the total count, the viability of the spore preparations used was at least 90 % of the total count. For A. ramosa strain V73/8, usually at least 95 % of the spores were viable and except where stated to the contrary the viable count was treated as equivalent to the total count.
Mouse inoculation
The mice were inoculated by the intravenous, subcutaneous, intraperitoneal or intracerebral routes by means of disposable syringes and 13 mm x 27G needles. Volumes of inoculum used were 0.1 ml for intravenous inoculation and 0.2 ml for subcutaneous and intraperitoneal inoculation. Intracerebral inoculations were done by injecting 0.025 rnl volumes of suspension into the left cerebral hemisphere.
All inoculated animals were inspected at least once daily for signs of disease and those showing evidence of disturbance were kept under more frequent surveillance.
Post-mortem examination
Necropsies were performed as soon after death as possible. The animals were examined for external signs of disease or injury before opening the abdominal, thoracic and cranial cavities. After visual inspection of the internal organs, these were removed aseptically and divided into two portions. One portion of fresh tissue was reserved for microscopical and cultural examination for fungi, the second portion was fixed in 10% buffered formalin and kept for histopathological examination.
Mycological examination was done by direct microscopy of fresh tissue samples mounted in 40 % (w/v) aqueous KOH. The specimens were examined in a Leitz Ortholux microscope with interference phase-contrast optics. Samples were cultured for fungi by plating tissue homogenates on to 2% malt-extract agar containing 20 units of benzylpenicillin and 40 pg of streptomycin per ml. The plates were incubated aerobically at 37°C and inspected daily for fungal growth. Fungal isolates were identified on the basis of their morphological characteristics.
Histopathological examinations were made on paraffin-embedded sections of formalinfixed tissue stained with haematoxylin and eosin, or by the periodic acid-Schiff method
Immunosuppressive treatment
To investigate the role of various immune mechanisms in conferring natural resistance to fungal infection, mice were treated with various immunosuppressive agents before the inoculation of A. ramosa spores.
Cyclophosphamide (Ward Blenkinsop, London) was freshly dissolved in pyrogen-free water and given by intraperitoneal injection at the rate of 100 mg per kg 24 h before the intravenous inoculation of 5 x 104 or 5 x 10s spores of A. ramosa. Similar doses of spores were used to challenge the mice subjected to all of the immunosuppressive regimes.
Azathioprine (Burroughs Wellcome, London) freshly dissolved in pyrogen-free water was injected intraperitoneally in doses of 15 mg per kg on the day before inoculation, followed by daily doses of 5 mg per kg for 5 successive days.
Horse anti-mouse lymphocyte serum (ALS; batch no. K6204; Wellcome Reagents Ltd, Beckenham) was given as three separate subcutaneous injections of 0.5 ml on the day before inoculation, on the day of inoculation and on the following day.
Cortisone acetate (British Drug Houses, Poole) in doses of 5 mg of steroid emulsified in 1 % (v/v) Tween 20 in PBS, was injected by the subcutaneous route at the time of inoculation.
A similar dose was given on the day after inoculation. Zyrnosan (Sigma, London) suspended in PBS was injected in doses of 10 mg by the subcutaneous route at the time of inoculation.
Heat-aggregated y-globulin (HAGG), prepared as described by Timoney (1 970), was injected in 3-mg doses at the time of inoculation.
Iron. The effect of Fe (11) ions on susceptibility was assessed by suspending the inoculum of 5 x 105 or 5 x 106 A . ramosa spores in 0.25-ml volumes of freshly prepared 0 . 0 0 2~ ferrous ammonium sulphate and injecting this by the intravenous route.
ReticuloendotheZiaZ blockade was produced by injecting 0.5 ml of colloidal carbon (Pelikan Ink; Gurr, London), or 0.4 ml of 25% (w/v) thorium dioxide, by the intraperitoneal route c. 24 h before challenge.
Blood samples were collected from untreated control animals and from uninoculated mice undergoing immunosuppressive treatment, before treatment began and on the eighth day after the beginning of treatment. 90 and 100% of the animals within 7-8 days. Irrespective of the dose, the clinical and pathological features of the disease were always the same, the only difference being in the more rapid rate of onset of clinical disease in the groups receiving higher doses. Nevertheless, a minimum incubation period of 4048 h was required for even the largest doses. Post-mortem examination of the animals dying with the characteristic signs of the disease failed to show gross lesions in any of the organs. Microscopic examination of crushed tissues mounted in KOH revealed non-septate fungal hyphae in the brain and kidneys of most animals. Hyphae were not detected in any other organ. Fungal spores were not detected microscopically in KOH preparations of any of the tissues, but cultural examination showed that they were invariably present in large numbers in the liver, spleen, kidneys and lungs. A. ramosa was usually although not invariably cultured from the brains of animals in which hyphae could be demonstrated microscopically (table I) . Histological examination of tissue sections stained with haematoxylin and eosin failed to reveal specific lesions in any organs except the brain and kidneys. In the brain, the lesions consisted of clusters of microglial cells interspersed with small numbers of polymorphonuclear leucocytes surrounding developing fungal hyphae of typical mucoraceous type (figs. 1 and 2). Although visible in sections stained with haematoxylin and eosin ( fig. 3 ) the hyphae were more easily seen in PAS-stained preparations ( fig. 4) . Frequently fragments of mycelium could be seen that were not associated with any cellular reaction ( fig. 3 ). This was particularly common in animals dying soon after inoculation. Lesions were not restricted to any particular part of the brain although they were most frequent in the tissue surrounding the third ventricle and the cerebral aqueduct. Lesions or fungal hyphae were not observed in the cerebellum and rarely in the cerebral cortex. Because the hyphae developing from single spores tended to ramify for considerable distances through the brain substance, as seen in KOH or lactophenol preparations ( fig. 5 ), the small, apparently localised, lesions visible in histological sections did not adequately represent the full extent of the damage resulting from A. rarnosa infection.
RESULTS

The eflect
In the kidneys, the lesions were usually larger and more circumscribed than those encountered in the brain. They were most frequent in the lower part of the medulla and in the papilla and pelvis of the kidney. The lesions consisted of clumps of fungal mycelium composed of non-septate hyphae and surrounded by a cellular infiltrate consisting predominantly of histiocytes interspersed with smaller numbers of neutrophil granulocytes ( fig. 6 ). Lymphocytes were rarely present and multinucleate giant cells were never seen in these acute lesions. Although extensive destruction of tubular elements was evident at the site of fungal growth, the tissue immediately adjacent to the lesions was apparently healthy.
Hyphae and gross or microscopic lesions were not observed in the liver, lungs, spleen, brain, heart or adrenal tissues of the inoculated mice which failed to develop frank signs of disease. However, typical localised lesions containing mycelium were present in the kidneys of a proportion of these animals.
Examination of the urine of inoculated mice developing lethal infection failed to reveal the presence of blood or glucose. The protein concentrations and pH were also within the normal range for mouse urine. Estimation of the blood-urea concentrations of mice in the terminal stages of infection indicated moderate to severe uraemia with plasma-urea concentrations ranging fro m8 140 to 260 mg per 100 ml. However, the plasma urea concentrations of mice 556
M . J. CORBEL AND SUSAN M. EADES
killed soon after the onset of signs of cerebral infection were much lower, ranging from 70 to 120 mg per 100 ml.
Efect of route of inoculation Intracerebral inoculation of A . ramosa spores was much more effective in establishing infection than inoculation by the intravenous route. Thus, lethal infection developed in animals of all groups receiving probable spore doses ranging from a single viable unit up to 2x 106 viable units, the highest dose tested. The onset of infection was earliest in the groups receiving the higher doses, signs of disease appearing from 36 h after inoculation. In animals receiving low doses, signs of disease did not usually appear until 5 or 6 days after inoculation. The clinical and pathological features of the disease were essentially similar to those following intravenous inoculation. Fungal hyphae could invariably be demonstrated in the brain by microscopic examination and A . ramosa could also be isolated in cultures of this. On histological examination, the lesions in the brain were similar to those resulting from intravenous inoculation but were usually much more extensive, consisting of dense accumulations of microglial cells surrounding developing hyphae at the site of inoculation in the left cerebral hemisphere ( fig. 7) . In some cases fungal hyphae appeared to penetrate the walls of cerebral blood vessels ( fig. 8) .
Unexpectedly, fungal hyphae were also sometimes present in the tissues of other organs and A . ramosa could be cultured from these. Thus, in three mice dying after intracerebral inoculation, mucoraceous hyphae were present in the kidneys as well as the brain. Hyphal fragments were also detected in the spleen of one of these animals and in the lungs of another. A. ramosa could be isolated in cultures of these organs but not from other tissues. Nevertheless, it is not certain that the hyphae observed were actively growing at the extracerebral sites. It is possible that they were simply metastatic fragments released into the blood from brain lesions and retained in the kidneys, lungs and spleen.
Other routes of inoculation were much less effective in establishing infection. Thus no signs of systemic infection developed after subcutaneous injection of spores and A . rarnosa was not detected in the tissues of these animals at necropsy. Similarly, no signs of infection were produced after intranasal or oral administration of up to 109 viable spores. A . ramosa was, however, isolated from the lungs of one mouse killed between 2 and 3 days after intranasal inoculation.
After intraperitoneal injection of A . ramosa spores, most animals remained healthy. However, typical signs of cerebral infection followed by death were observed in one mouse inoculated by this route. At necropsy, non-septate hyphae were present in the brain, kidneys and liver and also in the peritoneal exudate. A . ramosa was cultured from these sources and also from the spleen. The histological appearances were similar to those observed in infections resulting from intravenous inoculation. Post-mortem examination of the remaining mice in this group failed to reveal any fungal hyphae or any lesions. A . ramosa was nevertheless isolated on culturing the liver and spleen of most of these animals.
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The efect of age and sex on susceptibility to A. ramosa The susceptibility of the mice to intravenous challenge with A . ramosa decreased with increasing age (table 11) . Thus, mice 10-12 weeks old required doses of 5 x 107 spores to produce a death rate comparable with that given by between 5 x 105 and 5 x 106 spores in mice 3 weeks old. A similar effect was seen after inoculation by the intracerebral route. In this case, doses of 500 spores killed between 50 and 60% of 3-month-old mice whereas doses of five spores killed 100% of the younger mice. Although slight differences were noted in individual experiments, no consistent difference was observed in the susceptibility of male and female animals to lethal infection by A. ramosa in trials involving more than 700 mice (unpublished observations).
The eflect of source of fungal strain on pathogenicity Comparison of the effects of intravenous inoculation of A . ramosa strains isolated from various pathological sources and from the environment failed to reveal any fundamental differences. All of the strains produced lethal infection with typical cerebral signs in a similar proportion of animals given doses of between 5 x 105 and 5 x 106 viable spores. One strain, V283, which has been maintained in the laboratory for many years, tended to produce spore preparations of low viability and thus larger total spore doses were needed to produce lethal infection. The clinical, pathological and mycological features of the disease produced by each strain were similar to those produced by strain V73/8. 
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Efect of immunosuppressive agents on resistance to A . ramosa infection
Treatment of mice with cyclophosphamide, azathioprine or A L S , although producing haematological evidence of lymphocyte depletion (table 111) did not increase susceptibility to lethal infection with A. ramosa. Thus the numbers of deaths in the treated and control groups were the same (table IV) . The distribution of fungal hyphae and spores in the treated animals was also similar to that in untreated animals.
Injection of HAGG, which produced complement depletion, definitely increased susceptibility to infection as indicated by an increase in the number of mice dying after inoculation. Zymosan, which depletes serum complement and also properdin, produced a similar increase in susceptibility. The characteristics of the disease produced in zymosan-and HAGG-treated mice were similar to those seen in untreated control animals except that two of the zymosan-treated mice had mucoraceous hyphae in the liver as well as in the kidneys and brain. Injection of A. ramosa spores suspended in a solution containing Fe(I1) ions markedly increased the numbers of animals developing lethal infection. The characteristics of the disease produced were similar to those seen in untreated animals except that the microscopically visible fungal growth was confined to the brain and no kidney lesions were observed in the group treated with iron. Reticuloendothelial blockade with colloidal carbon or thorium dioxide also increased susceptibility to infection, lesions being confined predominantly to the brain.
Administration of cortisone acetate markedly increased the susceptibility of mice to A. ramosa infection. It also promoted active growth of the fungus in organs other than the brain and kidneys. The lesions in the cortisone-treated mice were characterised by a reduced or absent cellular reaction to the fungal 2 NC = numbers too low for valid count. 0 HAGG = heat-aggregated y-globulin.
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hyphae. In some animals, focal necrotic lesions developed in the liver. These were of a type often associated with ischaemic necrosis and might have resulted from thrombosis of hepatic blood vessels by fungal hyphae. Direct evidence of this was not seen in the sections examined, although intravascular hyphae were seen in other preparations (fig. 8 ).
DISCUSSION
The clinical characteristics of the disease resulting from parenteral inoculation of A. ramosa spores were consistent with severe infection of the central nervous system. This was substantiated by the post-mortem findings and by the failure to demonstrate active fungal growth in any organ other than the brain or kidneys. The clinical signs, the rapid onset and evolution of the disease and the presence of lesions and extensive fungal growth in the brain all suggested that invasion of the central nervous system was the primary cause of death. The 
Number of mice with microscopic evidence of A. ramosa infection in deaths*
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contribution made by the kidney lesions was difficult to assess and conclusive evidence of renal failure was absent. The failure to detect gross abnormalities in urine composition or blood-urea concentration soon after the onset of signs of disease suggested that in spite of the histological and mycological evidence renal function was not seriously disturbed. These results show some differences from those reported by Smith and Jones (1973) . These authors concluded that renal failure was probably the major factor in causing the death of mice with acute Absidia infection, but they did not exclude the possible contributory effects of cerebral infection. Chronic renal lesions of the type described by Smith and Jones (1973) were rarely observed in the present study, even in mice inoculated up to 90 days before necropsy .
These differences in results were probably not related to differences in the strains of A . ramosa, as all of our strains produced a similar disease picture irrespective of source. The age of the mice at the time of inoculation may have been more significant. Smith and Jones (1973) inoculated their animals at 5 weeks of age. According to our studies, mice are already showing increased resistance to A . ramosa infection by this age and this could modify the nature of the disease.
The effects of age might also explain the results of Symeonidis and Emmons (1955) , who observed subcutaneous lesions in mice receiving Absidia spores by this route, although mice inoculated intraperitoneally did not develop disease.
The nature of the dose response in mice inoculated by the intravenous route suggested that disease resulted from the fortuitous penetration of a small number of spores into the central nervous system. The results of direct intracerebral inoculation confirmed this and showed that very small numbers, possibly even single spores, could suffice to establish lethal infection. The considerable difference between the number of spores required to produce disease when inoculated directly into the brain and the number required when inoculated intravenously suggested that a relatively efficient defensive system existed in connexion with the circulatory system but that this did not extend to the central nervous system. The results of cultural and microscopic examination confirmed the observation by Smith and Jones (1973) that most A . ramosa spores injected were taken up in the liver and spleen but did not germinate in these organs. It also seemed that few spores were retained by the lungs and those that were did not germinate.
The localisation of actively growing A . ramosa in the kidney and brain requires explanation. These tissues perhaps contain specific factors capable of stimulating the in-vivo growth of A . ramosa in a manner similar to that produced by extracts of bovine placenta and other tissues Eades and Corbel, 1973) . However, it is also possible, and perhaps more likely, that the efficiency of the local defence mechanisms of these organs may be more limited than those of other tissues.
Thus, in the case of the kidney, the activity of phagocytic cells may be depressed by hypertonic conditions (Chernew and Braude, 1962) and complement may be inactivated by the high concentrations of ammonium ion in the 
FIG.
8.-Section of brain from mouse dying 5 days after intravenous inoculation of spores from A . ranzosa. PAS-positive hypha has been sectioned obliquely and appears to penetrate the wall of the blood vessel. PAS-light green. x400.
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medulla (Beeson and Rowley, 1959) . In the central nervous system, the bloodbrain barrier may restrict access of antibodies and other antimicrobial serum factors present in the blood. Also, microglial cells may be less effective in suppressing the germination of fungal spores than are phagocytic cells outside the central nervous system. Differences in the ability of various mononuclear phagocytic populations to inactivate fungal spores were suggested by the observation, in the present study and that of Smith and Jones (1973) , of the more rapid elimination of A . ramosa spores from the lungs than from other organs. Evidence for the brain as an immunologically restricted site has also been presented by Medawar (1948) . The lower concentration of cationic proteins in brain than in other tissues may contribute to the localisation of Cryptococcus neoformans in this organ (Gadebusch and Johnson, 1966) ; this factor might also influence the localisation of the other types of opportunistic fungi, including phycomycetes.
The effects of immunosuppressive agents on the development of A. ramosa infection tended to confirm the role of natural immune mechanisms in restricting fungal growth in various tissues. The lack of effect of azathioprine, ALS and cyclophosphamide suggested that natural resistance to the fungus was not dependent upon thymus-dependent (T) or thymus-independent (B) lymphocytic function. The effect of zymosan and aggregated 7-globulin in increasing susceptibility suggested that serum complement and possibly properdin might play a significant part in natural resistance to A . ramosa. Zymosan inactivates the C3 component of complement in the presence of properdin at 37°C (Pillemer et al., 1954 (Pillemer et al., , 1956 ). Removal of complement and properdin would markedly deplete the non-specific antimicrobial activity of serum. Furthermore, complement promotes phagocytosis by both mononuclear and polymorphonuclear phagocytes and its removal from the circulation would be expected to reduce phagocytic activity. However, zymosan treatment also reduced the numbers of circulating neutrophils, probably by causing accumulation at the injection site and this effect may have been significant. This mechanism of Fe(I1) ions in increasing susceptibility to phycomycosis is more obscure. Iron has been shown to exacerbate a number of microbial infections (Weinberg, 1966) and its actions on immune processes are complex (Glynn, 1972) . Thus, its influence on phycomycotic infection may have resulted from direct stimulation of fungal growth, although evidence for this was lacking. It may also have been due to saturation of serum transferrin inhibiting its antimicrobial action (Fletcher, 1971) , to inhibition of the C9 component of complement (Hadding and Miiller-Eberhard, 1967) or perhaps to inhibition of the internal antimicrobial proteins of phagocytes (Gladstone and Walton, 1 970) .
The marked increase in susceptibility to infection and the disseminated hyphal growth promoted by cortisone acetate was consistent with depression of the activity of phagocytic cells. Although corticosteroids have a complex action on the immune system, the failure of immunosuppressive agents specifically affecting lymphocyte function to increase susceptibility, vide supra, suggested that cortisone acetate did not owe its activity to its effects on these cells.
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Although the activity of cortisone may have resulted from its metabolic glucocorticoid effects, a direct effect on phagocytic cells seems more probable. Cortico-steroids interfere with phagocyte function by stabilising the lysosomal membranes, thus preventing destruction of microorganisms within phagosomes (Weissmann, 1964; Allison, 1968) . They have also been shown to interfere with other aspects of phagocyte activity (Chretien and Garagusi, 1971 ; Cooper, de Chatelet and McCall, 1972) . In their recent study of experimental Rhimpus infection in primates, Baker and Linares (1974) also concluded that corticosteroids promoted phycomycotic infection as a result of their immunosuppressive activity. The importance of phagocytes in natural resistance to phycomycosis was also suggested by the increased susceptibility to infection of animals subjected to reticuloendothelial blockade with colloidal carbon or thorium dioxide. In conclusion, it would seem that natural resistance to A. ramusa in mice is largely determined by the action of phagocytes, probably acting in conjunction with complement and other non-specific serum factors.
SUMMARY
Various factors influencing the susceptibility of C3H mice to lethal infection by the phycomycete Absidia rarnosa were examined. Mice 19-21 days old were exposed to graded doses of A . rarnosa spores by various routes. After intravenous inoculation with doses in excess of 103 viable units, a variable proportion of mice developed lethal phycomycosis of the central nervous system within 2-8 days. The proportion of mice affected was related to the inoculum size, doses of 5 x 107 spores producing lethal infection in 90-100 % of the mice. The disease was characterised by signs of involvement of the central nervous system appearing 8-12 h before death. At necropsy, fungal hyphae, frequently surrounded by infiltrations of mononuclear cells, could be demonstrated in the brain. Lesions were also often present in the kidneys; in other organs they were rare, but the presence of viable fungal spores could be detected by cultural procedures. Subcutaneous inoculation of A . ramosa spores did not produce lethal infection but intraperitoneal inoculation occasionally did so. Direct intracerebral inoculation invariably produced lethal infection even with very small doses of spores. The clinical and histopathological features of the disease were almost identical with those resulting from intravenous inoculation.
Pre-inoculation treatment with azathioprine, cyclophosphamide and antithymocyte serum did not increase susceptibility. Susceptibility was increased by injections of zymosan, aggregated y-globulin, cortisone acetate and Fe(I1) salts and by reticuloendothelial blockade. These treatments increased the proportion of mice developing lethal phycomycosis of the central nervous system, and in the case of cortisone acetate, also promoted disseminated infection.
It was concluded that the natural resistance of mice to A. ramusa infection was probably dependent upon the activity of phagocytic cells, possibly acting in conjunction with complement and other non-specific serum factors.
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